Abstract: Peptide nucleic acids are synthetic molecules crafted to mimic natural nucleic acids, and thus, they are widely utilized in many chemical, and, biomedical applications. Although there exist many approaches to synthesize monomers to date, there is still room to improve these methodologies. With this motivation, we compared some widely utilized synthetic routes to 
INTRODUCTION
First reported in 1991, peptide nucleic acids (PNA, for short) are single-stranded molecules designed to recognize nucleic acids in sequence-selective manner. By design, these synthetic compounds are composed of N-(2-aminoethyl) glycine moiety harboring a nucleobase in such a way that intact PNA monomer corresponds to an entire nucleoside of natural nucleic acids.
Notwithstanding its being inspired from nature, PNA strands indeed diverges structurally from DNA, and RNA; its backbone is constructed through conventional peptide bonds amongst building blocks, in lieu of phosphodiester bonds encountered in nucleic acids (1) (Scheme 1).
Unsurprisingly, absence of phosphate group grants a neutral charge to PNA structure and more remarkably, it accounts for superior hybridization propensity of these synthetic oligomers whereby eliminating infamous electrostatic interactions amongst DNA or RNA chains (2) . In short, these synthetic oligomers presently emerge as an ideal tool to probe natural nucleic acids and thus, they are extensively utilized in biomedical applications including (but not limited to) antigene and antisense therapies (3), microarrays (4), biosensors (5) , and fluorescent in situ hybridization (FISH) assays (6) .
Scheme 1. Structures of DNA and PNA (adapted from reference 1 with permission).
Retro-synthetically, all customary synthetic routes to PNA monomer (1) rely on the coupling of N-(2-aminoethyl) glycine backbone (3) with nucleobase-acetic acid moiety (2 where B = adenine, cytosine, guanine, or thymine) (Scheme 2). Undoubtedly, this reaction demands protecting groups on both N-terminal (such as Fmoc, Boc and so on), and C-terminal (such as ethyl or tertiary-butyl group and so on) of backbone prior to conjugation of nucleobase harboring moiety. Whereas some routes utilize the coupling of glycine or its derivatives to an electrophile (see routes A-C in Scheme 2) to prepare the backbone (7) (8) (9) , the others switch the position of the nucleophile whereupon ethylene diamine or its derivatives attack to a glycine-derived electrophile (see routes D, and E in Scheme 2) (10). stand for protecting group, and 2-nitrobenzenesulfonyl moiety, respectively).
As effortless as it may seem on paper, the synthesis of PNA backbone could in reality be troublesome, which obliged the scientific community to devise a diverse repertoire of synthetic methodologies. Of them, a small fraction, such as the coupling of chloroacetic acid and ethylenediamine (as in route E), suffer from poor reproducibility (11) . Yet, the chief complication regarding the synthesis of monomers revolves around the observation of how some key reactions (like coupling of nucleobases to the PNA backbone) afford moderate yields, which ultimately demands a chromatographic purification with highly polar solvents (12, 13) .
Naturally, this complication appears tolerable to some extent but it becomes labor-demanding, especially in large scale synthesis where the yields of reactions and difficulties in purification becomes a major concern. As we experienced similar problems in an attempt to synthesize NBoc-PNA-T-OH, and N-Fmoc-PNA-T-OH, we felt compelled to optimize synthetic route leading to these monomers, in conjunction with purification procedures. With this motivation, we have crafted this manuscript to provide a concise comparison of certain methodologies, and key reactions to better the synthesis of these monomers.
MATERIALS AND METHODS
Ethyl acetate, hexanes, dichloromethane (DCM), tetrahydrofuran (THF), and acetonitrile were purchased from Merck, and were used without any purification. in dichloromethane (15 mL) was added dropwise over 30 minutes. Upon the completion of addition, ice bath was removed and the reaction mixture is further stirred overnight at room temperature. Dichloromethane was evaporated under reduced pressure and the crude material was portioned between ethyl acetate (50 mL), and distilled water (60 mL). The organic phase was separated and washed with distilled water (1x25 mL), 1 M HCl (2x25 mL), brine (2x25 mL), 5% NaHCO3 (2x25 mL), and brine (2x25 mL), respectively. Organic phase was dried over Na2SO4 and concentrated under reduced pressure and the title compound was obtained as white solid (yield 60%). 
N-(N-Boc-2-aminoethyl)-N-[(1-thyminyl)acetyl] glycine ethyl ester 9:
The coupling of thymine-1-acetic acid to the intermediate 8 was as reported with a minor modification as such neat DMF was utilized as solvent rather than DCM:DMF mixture, as reported by Albrecht et al (18) .
To a suspension of thymine-1-acetic acid (2.04 g, 11.05 mmol) in anhydrous DMF (20 mL), a solution of HBTU (5.03 g, 13.26 mmol) in anhydrous DMF (20 mL) was added. Then, DIPEA (2.12 mL, 12.16 mmol) was added to the reaction mixture which is stirred for 1 hour at room temperature. Afterwards, compound 8 (2.72 g, 11.05 mmol) dissolved in DMF (15 mL) was added and the reaction mixture was further stirred at room temperature overnight. Upon the completion of reaction, the solvent was evaporated under reduced pressure. The crude material was dissolved in ethyl acetate (100 mL) and was washed with saturated solutions of NH4Cl (2x50 mL), NaHCO3 (2x50 mL), NaCl (2x50 mL), respectively. The organic phase was dried over Na2SO4 and concentrated under reduced pressure. The title compound was obtained as a yellow oil (yield 95%) and was used in the next step without any purification. Rf and remaining aqueous phase is acidified with 1 M HCl to pH=4 at 0 °C. Aqueous phase was extracted with ethyl acetate (2x25 mL). Combined organic phases were dried over Na2SO4 and were concentrated under reduced pressure to afford an oily material (yield 93%).
Work-up method B (20):
The reaction mixture was acidified with 1 M HCl to pH=4 at 0 °C, and the product was extracted with excess amount of ethyl acetate. Combined organic phases were dried over Na2SO4 and the solvent was removed under reduced pressure to afford an oily material (yield 45% 
N-[2-(Aminoethyl])-N-(thymin-1-ylacetyl)] glycine 11 (21):
Compound 10 (625 mg, 1.51 mmol) was dissolved in 17.9 mL of TFA/DCM/TIPS (47:50:3). The reaction was stirred at room temperature until TLC indicates complete conversion of compound 10 and then, volatile materials were evaporated under reduced pressure. The title compound was precipitated from cold ether and was used in the following step as it is, with no characterization, and further purification. TLC Rf (MeOH) 0.14 (UV). 
N-Fmoc-PNA-T-OH

RESULTS AND DISCUSSION
As precedented heavily by Berg (23) , and Buchardt (24), early reports on synthesis of PNA monomers, as well its oligomers, centred primarily on Boc-chemistry. With Fmoc-chemistry being the current method of choice, numerous research groups endeavored latter on to prepare Fmoc-protected PNA monomers. Assuredly, obviation of hydrogen fluoride synthesis renders the latter prominent for one thing, but more importantly, Fmoc-chemistry is recognized to offer better coupling yields, improved solubility in reaction milieu (25) . Yet, this chemistry may be challenging, especially through the synthesis of PNA monomers only because some Fmoc-protected intermediates do not always exhibit comparable reactivity to their Boc-protected counterparts (for a short comparison on this matter, see reference 26).
One further drawback regarding this protecting group is the sensitivity of Fmoc moiety to reducing agents (such as LiAlH4) or basic reagents (such as LiOH or NaOH). Thus, it appears that a plausible approach to access both N-Boc-PNA-T-OH and N-Fmoc-PNA-T-OH is to synthesize the former at first, whereupon it is converted to N-Fmoc-PNA-T-OH.
With this paradigm, we initially sought to prepare Boc-protected backbone of PNA through
Mitsunobu reaction because of its prevalence in the synthesis of PNA chemistry (see pathway B
in Scheme 2) (27) . Although mostly favoured in the attachment of nucleobases to the backbone (28), Mitsunobu reaction is also conformed to the synthesis of PNA backbone (15) .
In keeping with the report by Wiśniewski, this synthetic route commences with esterification of (28) or HBTU (29) . Not only these reactions reportedly afforded 9 in moderate-togood yield, but also the latter reportedly obligated a purification step, which accounts for a slight disadvantage. In respect to this complication, we recognized that the reaction could only be improved by altering the order in the addition of compounds. Rather than reacting 8, thymine-1-acetic acid, and HBTU at once -as stated in references 28, and 29, we preactivated thymine-1-acetic acid with HBTU for one hour at first, and then added the backbone 8 to the reaction mixture. In this manner, we obtained the title compound in 95% yield, and in sufficient purity after overnight reaction, and standard work-up procedure detailed in experimental part (vide supra).
Surprisingly, the perplexing part of this synthetic route was de-esterification of 9, as we have experienced that work-up procedure drastically impacted the yield. Therein, work-up procedure following the reaction involved acidification with 1 M HCl, followed by the extraction of title compound with ethyl acetate (20) . However, we have observed that with this procedure, the yield was no more than 45%, and more interestingly, a UV-active by-product was formed in aqueous phase, while acidification. At this point, our failure to retrieve this byproduct with extraction led us speculate that the process of acidification may have essentially conduced towards a side-reaction whereupon a highly polar compound is formed. On the contrary, we found out that washing the reaction with ethyl acetate prior to acidification raised the yield to 90%, with no sign of this by-product (19) . Considering well-documented stability of Boc group and PNA monomer under slightly acidic conditions, what might have triggered this side-reaction remained predominantly vague to this point. On the verge of these observations, we should remark that work-up procedure by Tsantrizos appear to be the most suited one to achieve high yield in this step.
The procedures to cleave Boc moiety, and subsequently to introduce Fmoc group were in compliance with references 21, and 22, respectively. Boc group was removed from 10 with TFA/DCM/TIPS (47:50:3), and Fmoc group was subsequently introduced through Fmoc-OSu in the presence of DIPEA. In these two steps, the sole complication we faced was the purification of final compound N-Fmoc-PNA-T-OH. In this context, we have initially attempted to purify the crude material via flash column chromatography with ethyl acetate/methanol/acetic acid (95:3:2). However, inability to remove solvents afterwards coerced us to pour combined organic fractions on ice and water, and to obtain 12 through filtration. Because this approach, however, caused loss of material to some extent, we considered simply to wash the crude material with hexanes, instead. Frequently utilized after reaction involving Fmoc-OSu, this method indeed removed impurities without any substantial loss of product, and is seemingly applicable to the synthesis of N-Fmoc-PNA-T-OH, as well.
CONCLUSION
As outlined in Scheme 2, N-Boc-PNA-T-OH, and N-Fmoc-PNA-T-OH could be synthesized through many synthetic routes and methodologies. Despite all the efforts in this field, we came to realize that certain reaction and synthetic routes still need some improvements, and modifications, which encouraged us to conduct this study. Of them, we have experienced that the best approach to attain these two monomers is through N-Boc-ethylenediamine, where yields of reactions are ca. 90%, in addition to each reaction being fully reproducible.
